. Final poly(4VP) samples were determined to be pseudo-"living" by subsequent chain extension with a fresh batch of 4VP, with very few dead chains. Attempts to homopolymerize 4VP in the presence of as little as 0.04 wt% C 60 relative to 4VP resulted in inhibition, preventing the polymerization from exceeding beyond X = 0.40 and thus 4VP/C 60 complexation has to be done post-polymerization.
Introduction
Controlled radical polymerization (CRP) is becoming one of the most common techniques to synthesize well-defined homopolymers, random and block copolymers by utilizing the relative industrial ease of free radical polymerization, all while obtaining similar control to true living polymerization techniques, such as ionic polymerization. Among CRP techniques, the most commonly used to synthesize functional materials with controlled architectures are atom transfer radical polymerization (ATRP), [1] reversible addition fragmentation transfer polymerization (RAFT) [2, 3] and nitroxide mediated polymerization (NMP) [4, 5] . Of these major techniques, NMP is the simplest; in most cases only the addition of a single alkoxyamine initiator and heat is required [6] . In addition, polymers synthesized by NMP do not contain sulfur or metal contaminants, which are present when using RAFT or ATRP, and which can be detrimental to some biological applications or metal-sensitive electronic applications [5] . Traditionally, NMP has not received as much attention as RAFT and ATRP due to its inability to homopolymerize acrylate and methacrylate monomers. However, since the development of second-generation alkoxyamine initiators, such as those based on 2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxyl (TIPNO) [7] and [tert-butyl[1-(diethoxyphosphoryl)-2,2-dimethylpropyl]amino] nitroxide (SG1, Scheme1) [8, 9] nitroxides, a plethora of new monomers are now accessible for homopolymerization by NMP, such as acrylates, [10] [11] [12] [13] [14] [15] acrylamides [4, 16, 17] and even methacrylates (with a small amount of controlling comonomer) [18] [19] [20] [21] [22] [23] [24] .
4-Vinylpyridine (4VP) based random copolymers and block copolymers have received considerable attention due to their ability to form complexes between the nitrogen on the 4VP units and neighbouring guest molecules. 4VP-complexing has been used to incorporate numerous materials into polymers such as inorganic nanoparticles, [25] [26] [27] nanotubes, [28] hydroxyl functional polymers [29] and other small organic molecules [30, 31] . Fullerenes (C 60 ) are known as excellent electron acceptors due to their conductive structure [32] and compared to planar electron acceptors, C 60 exhibits a much lower reorganization energy during electron transfer reactions [33] . Currently, fullerene-polymer composites are among the "hottest" materials being explored for organic photovoltaics (OPVs), organic light-emitting diodes (OLEDs) and sensor applications [34, 35] . One of the most straightforward approaches to incorporate C 60 into polymeric hosts is by taking advantage of the charge-complexing interactions between poly(4VP) and C 60 [36] [37] [38] [39] . These interactions have even permitted C 60 to preferentially segregate in the poly(4VP) domain of a poly(4VP) containing block copolymer to form patterned arrangements templated by the block copolymer's self-assembled structure [37, 40, 41] .
While the incorporation of 4VP into copolymers and block copolymers is quite common, very few fundamental studies concerning 4VP homopolymerization kinetics using NMP have been reported. Poly(4VP) has been controlled by 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), resulting in relatively narrow molecular weight distributions [42] . Diaz et al. homopolymerized 4VP using azobis isobutyronitrile (AIBN) as a free radical source paired with free SG1 as a mediator. The polymerization time was reduced, compared to the homopolymerization using TEMPO, while still maintaining the narrow molecular weight distribution [43] . Recently, the homopolymerization of 4VP by alkoxyamine initiators based on the nitroxide TIPNO [44, 45] was reported. The homopolymerization of 4VP using 2-
, Scheme 1) however has not yet been reported. The homopolymerization of 4VP using BlocBuilder is of great interest because it could lead to subsequent chain extensions to make well-defined block copolymers, where the second block could be a variety of poly(acrylate)s or poly(acrylamide)s, which have not been accessed by NMP previously.
While the carboxylic group on the BlocBuilder may be beneficial for solubility in aqueous media, [46] it can also be vulnerable to side reactions during polymerization, which could lead to loss of initiator efficiency. Therefore, strategies have been devised to protect BlocBuilder by altering the BlocBuilder structure such as using a simple one step coupling with N-hydroxysuccinimide (NHS), resulting in succinimidyl ester-capped BlocBuilder [47] (NHS-BlocBuilder, Scheme 1). NHS-BlocBuilder has been found to be an effective controlling initiator with no additional SG1 required [47] . Recently, our group reported the controlled synthesis of low dispersity, pseudo-"living", glycidyl methacrylate-rich copolymers with the use of NHS-BlocBuilder and no additional SG1 [48] . More relevant than using it as a simple protecting group, the NHS group introduces very interesting capabilities for a homopolymer and/or block copolymer via post-polymerization modification. For example, the succinimidyl group can be anchored onto primary amine functionalized silica particles and a polymer could be grafted-from or grafted-to the particles using amine-NHS coupling [49] . In addition, NHS activated esters can be used to produce stable amide linkages between the polymer and the primary amines of target proteins such as N-terminal α-amine and lysine ε-amine residues [50] . Therefore, the use of NHS-BlocBuilder not only enables the controlled synthesis of low dispersity homopolymers, but also introduces a potential anchor site for more complex architectures and applications.
In this study, we begin by investigating the controlled pseudo-"living" homopolymerization of 4VP at various temperatures using BlocBuilder and NHSBlocBuilder. We describe limitations to the use of BlocBuilder and we also explored a strategy to incorporate the C 60 molecules during the homopolymerization of 4VP, in an attempt to avoid a post-synthesis complexation step and reduce the total number of steps. Table 1 and Table 2 , respectively.
Results and Discussion

Kinetics and Control: 4-Vinylpyridine (4VP) Homopolymerization
Examination of the polymerization kinetics can reveal characteristics about how effective the BlocBuilder initiator is at controlling the polymerization. The product of the propagating rate constant, k P , and the concentration of propagating radicals, [P•], is often used to describe the apparent kinetics of an NMP system. k P [P•] is the apparent rate constant and can be determined experimentally from the slope of the scaled conversion, ln(1-X) -1 , (X = conversion) versus polymerization time. Therefore, at early polymerization times, when the conversion is low, a good estimate of k P [P•] can be made from the slope of ln(1-X) -1 versus time. In this study, various 4VP homopolymerizations using BlocBuilder and additional SG1 were performed in 50 wt% DMF solutions at two different temperatures: 110 °C and 120 °C (4VP-1 and 4VP-2). The formulations for these polymerizations can be found in Table 1 . The corresponding ln(1-X) -1 versus polymerization time and the number average molecular weight ( M n ) versus X plots can be found in Fig. 1a) and Fig. 1b) , respectively. The GPC chromatograms for intermediate samples taken during the polymerizations are shown in Fig. 2a ) and Fig. 2b ). The molecular weight characteristics of the final poly(4VP) homopolymers synthesized in this study can be found in Table 2 . When examining the ln(1-X) -1 versus polymerization time plot in Fig.  1a) , it becomes apparent that the increase in ln(1-X) -1 with time was not linear. As the homopolymerization progressed, the conversion reached a plateau, which is characteristic of initiator deactivation or termination of the propagating radicals. The 4VP homopolymerization by BlocBuilder/SG1 does appear to behave in a controlled manner, characterized by the seemingly linear increase in
M n
versus X and appears to follow the theoretical line, but only up to a certain conversion (Fig. 1b) ). As indicated by the ln(1-X) -1 versus time plot, termination starts to occur during polymerization and the chains stop growing, as noticed by the curvature in the plot. This termination is also characterized by the slight broadening of the molecular weight distribution (
and is apparent in the indication of a slight tail in the GPC chromatograms shown in Fig. 2a ) and b). These findings would suggest that the controlled polymerization of 4VP to high conversion was not possible with BlocBuilder. . Experimental conditions and final homopolymer molecular characterization can be found in Table 1 and Table 2 , respectively.
However, as previously mentioned, 4VP has been polymerized successfully, with linear ln(1-X) -1 versus polymerization time plots, using TEMPO and TIPNO-based initiator systems [42, 44, 45] . One of the potential reasons for this loss of linearity in the ln(1-X) -1 versus polymerization time plots, when using BlocBuilder, could be due to the pyridine group of the monomer. The pyridine group is a Lewis base and therefore is likely to form complexes with the carboxylic group of BlocBuilder. Similar hydrogen bonding between carboxylic acid functional molecules and pyridines has previously been reported [51] [52] [53] . To confirm this interaction, an equimolar mixture of 4VP and BlocBuilder was dissolved in CDCl 3 and allowed to sit at room temperature for 72 hours. The initially colorless mixture became a slight burgundy color and, when performing 1 H NMR spectroscopy, a downfield shift of the two aromatic hydrogen units adjacent to the nitrogen on the pyridine unit, from 8.5-8.6 ppm to 8.1-8.2 ppm, was apparent. Similar downfield shifts corresponding to carboxylic acid hydrogen bonding interactions with pyridines have previously been reported [54] [55] . The formation of the complex can reduce the equilibrium constant between dormant and active chains (K) of the system, resulting in an inhibition of the polymerization which is characterized by a loss of linearity in the ln(1-X) -1 versus time plots [56] .
Fig. 2.
Gel permeation chromatograms for 4-vinylpyridine (4VP) homopolymerizations done in 50 wt% DMF using a) 10 mol % SG1 relative to BlocBuilder at 110 °C (4VP-1) and b) at 120°C (4VP-2). Experimental conditions and final homopolymer molecular characterization can be found in Table 1 and Table 2 , respectively.
To further investigate this hypothesis, homopolymerizations were performed using similar formulations and identical conditions except that NHS-BlocBuilder was used instead of BlocBuilder and additional SG1. NHS-BlocBuilder can be viewed as a protected form of BlocBuilder (Scheme 1). The ln(1-X) -1 versus polymerization time and the M n versus X plots can be found in Fig. 3a) and Fig. 3b ), respectively. The GPC chromatograms for intermediate samples taken during the polymerizations can also be found in Fig. 4a ) and b). It immediately becomes evident, when examining Fig. 3a) , that for the homopolymerizations done with NHS-BlocBuilder, the ln(1-X) -1 versus polymerization time plots were linear even to conversions approaching X ≈ 0.8. The respective M n versus X plots also show a linear increase for the entire polymerization, following the theoretical line very closely. Table 1 and Table 2 , respectively.
The molecular weight distributions, as shown in the GPC chromatograms in Fig. 4a ) and b), remained very narrow throughout the polymerization ( M w M n < 1.2). This suggests that protection of the carboxylic group of BlocBuilder resulted in a rapid, yet controlled polymerization of 4VP. As mentioned, the k P [P•] values can be evaluated using the slopes of the linear ln(1-X) -1 versus polymerization time plots.
Fig. 4.
Gel permeation chromatograms for 4-vinylpyridine (4VP) homopolymerizations done in 50 wt% DMF using NHS-BlocBuilder at a) 110 °C (4VP-3) and b) at 120°C (4VP-4). Experimental conditions and final homopolymer molecular characterization can be found in Table 1 and Table 2 , respectively. [47] . While in our case a target M n of 25 kg·mol -1 and a 50 wt% DMF solution was used, the apparent rate constants of 4VP homopolymerizations are of the same order of magnitude as the styrene homopolymerizations with NHS-BlocBuilder. As previously mentioned, Thelakkat and co-workers have recently studied the synthesis of poly(4VP) at 125 °C in bulk and in 83 wt% anisole solutions with the use of varying amounts of additional TIPNO as a mediator [44] . Under the conditions examined, the authors reported very little difference between the bulk polymerization and the polymerization in concentrated solution or between the different initiators versus free nitroxide concentrations used; resulting in k P [P•] = 1.5 x 10 -4 to 1.6 x 10 -4 s -1 or roughly X ≈ 0.40 after 1 hour for poly(4VP) at 125 °C using the TIPNO initiator system. Our results show that to polymerize 4VP in a controlled manner using BlocBuilder, a protected form such as NHS-BlocBuilder was essential.
4VP Homopolymerization in the Presence of C 60
Given that the 4VP polymerization with BlocBuilder can be accomplished cleanly when the BlocBuilder was in a protected form, such as the succinimidyl-ester functional BlocBuilder (NHS-BlocBuilder), complexation of C 60 to the 4VP units was considered. As previously mentioned, the incorporation of C 60 is of great interest for forming composite materials and can be accomplished many ways. One of the simplest methods is by a simple co-solvent mixing approach, which involves separately solubilizing the C 60 and the desired polymer and mixing the solutions, followed by evaporation of the solvent. In an attempt to reduce these additional mixing steps and examine whether or not the C 60 will hinder the homopolymerization, the C 60 was added directly into the polymerization mixture. The homopolymerization of 4VP with C 60 , (Experiment 4VP-5) was carried out in an identical fashion as 4VP-4 except for the addition of 0.04 wt% C 60 relative to 4VP into the mixture. The formulation and final homopolymer molecular characterization can be found in Table  1 and Table 2 , respectively. The scaled conversion versus time plot for 4VP-5 is shown in Fig. 5a ) along with the corresponding plot of the identical experiment, 4VP-4, that did not include C 60 . The addition of C 60 clearly has a pronounced effect on the polymerization, even at such small concentrations, as there is a clear plateau in the ln(1-X) -1 ) versus time plot. The 4VP homopolymerization (without any C 60 ) conversion increased linearly in the range studied (up to X ≈ 0.40). When analyzing the M n versus X plot shown in Fig. 5b ) and the GPC chromatograms shown in Fig. 5c ), it appears that the polymerization was controlled (linear M n versus X) until X ≈ 0.20-0.30 when termination begins to become apparent, resulting in a broadening of the molecular weight distribution and loss of linearity in the M n versus X plot. Being a strong electron acceptor, it is not necessarily surprising that C 60 hinders the polymerization. The addition of C 60 during conventional free radical homopolymerizations has previously been studied for monomers such as methyl methacrylate (MMA), styrene, vinyl acetate and several alkene monomers. [57] [58] [59] [60] [61] [62] The addition of C 60 was found to act as a retardant when added to the homopolymerization of MMA using initiators such as dimethyl 2,2-azobisisobutyrate (MAIB) [63] and AIBN [59, 64] and as an inhibitor when added to the homopolymerization of styrene when using initiators such as AIBN [58] or benzoyl peroxide (BPO) [62] . C 60 has been found to compete with styrene for the free radicals produced by AIBN, resulting in a final polymer containing C 60 molecules [58] . In these cases, C 60 molecules acted as radical traps and irreversibly terminated the chains. It has been reported, through electron spin resonance (ESR) studies, that C 60 molecules will even trap multiple radicals at once, as much as 34 methyl radicals, 15 benzyl radical and even 15 poly(vinyl acetate) radicals [57, 65] . Propagating radicals could therefore couple or "graft-to" the C 60 molecules, resulting in star-like polymers, which could explain the increase in M n at high conversion (Fig. 5b) . However, the GPC chromatogram (Fig. 5c) does not present any evidence of bimodality, indicating that if multiple long chains were coupling to C 60 molecules, the concentration of the resulting "C 60 -stars" was low or that their stability is poor. To the best of our knowledge, the addition of unbound C 60 during CRP, and the homopolymerization of 4VP with C 60 , has not been studied. The additional effect of the pyridine ring and the interaction of C 60 and SG1 are still unknown. However, their effects do not prevent C 60 from irreversibly terminating the polymer chains, even under dilute C 60 conditions. Several studies [56, 59, 60] report the incorporation of C 60 into polymer chains, during free radical polymerization, to relatively high C 60 loadings. This inclusion of C 60 may be beneficial for some applications, as a form of bound C 60 -containing polymer. However, when control of the molecular weight characteristics is desired, the introduction of C 60 during the polymerization was not ideal when employing NMP. In (b), the respective dispersity index ( M w M n ) for the corresponding 4VP homopolymerizations done at 120 °C are indicated by the addition sign, , for experiment 4VP-5. For comparison, 4VP homopolymerization done in 50 wt% DMF using NHS-BlocBuilder at 120 °C without any C 60 (full triangle, ) was included in the a) semi-logarithmic plot of conversion (ln((1-X) -1 ) versus time. Experimental conditions and final homopolymer molecular characterization can be found in Table 1 and Table 2 , respectively.
Poly(4VP) Livingness
The "livingness" of the poly(4VP) macroinitiators was assessed by re-initiation of a fresh batch of 4VP monomer. Other methods have been developed to determine the fraction of living chains, such as using a fluorescent tracer [66] or using 31 P NMR 10 spectroscopy (as phosphorus is present in SG1) [67] . Still, chain extensions are straightforward, can give conclusive results and are therefore often used to assess the "livingness". The formulation along with the final molecular characterization can be found in Table 1 and a molecular weight distribution of M w M n = 1.48. The monomodal shift with very little low molecular weight tailing that could correspond to dead macroinitiator chains suggests that the majority of the poly(4VP) chains were pseudo-"living" enough to initiate a fresh batch of 4VP. The low fraction of dead chains present in the macroinitiator could be a result of the high conversion reached in the homopolymerization of the macroinitiator (X ≈ 0.6). A more "living" macroinitiator would likely result from homopolymerizing the macroinitiator to lower conversion [11, 68] . . Experimental conditions and final homopolymer molecular characterization can be found in Table 1 and Table 2 , respectively.
Conclusions
The controlled homopolymerization of 4VP using BlocBuilder/SG1 was characterized by a linear increase in M n versus X, only up to a relatively low conversion (X = 0.20-0.30), with steady broadening of the molecular weight distribution ( M w M n ≈ 1.4). This was likely due to termination associated to the pyridine coupling with the carboxylic group from the BlocBuilder initiator. When using a protected form of BlocBuilder, NHS-BlocBuilder, a controlled homopolymerization of 4VP up to X = 0.80 was obtained while maintaining a relatively narrow molecular weight distribution ( M w M n < 1.2). The poly(4VP) synthesized by NHS-BlocBuilder was determined to be pseudo-"living" by chain extension with a fresh batch of 4VP that indicated very little dead macroinitiator was present. Additional polymerizations performed in the presence of C 60 , resulted in inhibition of the polymerization and prevented the polymerization from exceeding past X = 0. 
Synthesis of Poly(4-Vinylpyridine) (poly(4VP)) Homopolymers
4VP homopolymerizations were executed in a 3 neck glass round bottom flask connected to a condensing column that was chilled to 4 °C by circulation of 50 vol% ethylene glycol / water mixture using a NesLab chiller. A thermocouple, inserted in a thermowell in the reactor, was connected to a temperature controller that controlled the temperature in the reactor by use of a heating mantle. The reactor was filled, sealed with a septa and bubbled with ultra pure nitrogen for 30 minutes. For example, during the synthesis of 4VP-2, BlocBuilder (77.5 mg, 0.2 mmol), free SG1 (6.8 mg, 0.02 mmol), 4VP (5.0 g, 47.7 mmol) and DMF (5.02 g) were added to the reactor prior to purging and sealing. Homopolymerizations were all done in a 50 wt% DMF solution and were all calculated to have a theoretical molecular weight at complete conversion of ≈ 25 kg·mol -1 . The homopolymerizations done using NHSBlocBuilder instead of BlocBuilder were performed under identical conditions with identical target molecular weight; however no additional SG1 was required. All formulations can be found in Table 1 . The nitrogen was removed from the mixture and allowed to purge the reactor for the entirety of the reaction. The temperature was set to 120 °C for 4VP-2 but varied for the other polymerizations (Table 1) . Samples were drawn periodically by syringe and precipitated in ethyl acetate. Once the reaction was complete, the final homopolymer was also precipitated in ethyl acetate and dried overnight in a vacuum oven at 60 °C. (Yield of 1.74 g, X = 0.58, M n = 11.9 kg·mol -1 , M w M n = 1.39, according to GPC acquired in DMF at 50 °C using narrow poly(methyl methacrylate) standards).
Chain Extension of Poly(4-Vinylpyridine) (poly(4VP)) Macroinitiators using a Fresh Batch of 4VP.
All chain extensions, regardless of the macroinitiator used, were done in an identical setup to the 4VP homopolymerizations. As an example 4VP-3b (0.10 g, 0.0051 mmol), 4VP (3.16 g, 30.1 mmol) and DMF (4.0 g) were added to the reactor and sealed (Table 2) . Once the solution was bubbled with nitrogen for 30 minutes, the reactor temperature was set (120 °C in this example) and the reaction was allowed to proceed under nitrogen purge for 8 h. Once the reaction was complete, the solution was precipitated in diethyl ether, decanted and allowed to dry for a week at room temperature. The product was recovered and characterized (yield = 0.3 g, M n = 78.1 kg·mol -1 and M w M n = 1.47).
Characterization
Conversion of the 4VP polymerizations was determined with 1 H NMR spectroscopy by comparing the vinyl peaks (3H, δ = 5.87, 5.37 and 6.57 ppm) to the aromatic peaks (4H, δ = 8.47 and 7.15 ppm). All 1 H NMR spectroscopy measurements were done with a 400 MHz Varian Mercury spectrometer using 5 mm Up NMR tubes. Molecular weight characterization was determined using gel permeation chromatography (GPC), (Waters Breeze HPLC). The GPC was equipped with both ultra-violet (UV 2487) and differential refractive index (RI 2410) detectors. All homopolymers were analyzed using DMF as the eluent and 2 ResiPore (3 μm, MULTI pore type, 250 x 4.6mm) columns with a ResiPore guard column (3 μm, 50 x 4.6mm) (Polymer Laboratories). The columns and detectors were heated to 50 °C during the analysis and the molecular weights were determined by calibration with linear narrow molecular weight distribution poly(methyl methacrylate) standards. A mobile phase flow rate of 0.3 mL·min -1 was applied.
